In the tubules of the kidney, small proteins and polypeptides are reabsorbed after glomerular filtration. An important mechanism of reabsorption is uptake via megalin, a 660-kDa transmembrane scavenger-receptor, which has been shown to be responsible for kidney accumulation of radiolabeled octreotide (OCT) (1, 2) . Renal reabsorption of radiolabeled peptides or antibody fragments is a clinical problem because, on one hand, the kidney is the dose-limiting organ in peptide receptor radiotherapy (PRRT) and, on the other hand, high kidney uptake may obscure pathologic findings in adjacent structures in scintigraphic imaging. The problem of high kidney uptake of radiolabeled compounds may be overcome by coadministration of cationic amino acids that reduce the kidney uptake of both radiolabeled peptides and antibody fragments (1, 3) . In PRRT, lysine (Lys) and arginine (Arg) are usually applied intravenously for reduction of kidney uptake (4, 5) . Oral administration has been shown in animals to also reduce renal uptake of antibody fragments as well as radiopeptides (3, 6) . As an alternative to oral or intravenous application of Lys or Arg, gelatinbased plasma expanders (Gelofusine [GF] , B Braun Medical BV; Hemaccel, Sanofi-Aventis Pharma BV) may be administered intravenously to patients (7, 8) .
It is assumed that renal uptake of most peptides or small proteins can be inhibited by administration of cationic amino acids. However, renal accumulation of the radiopeptide 111 In-D-Glu 1 -minigastrin (MG) cannot be inhibited by the cationic amino acid Lys or Arg (9) . Recently, Béhé et al. showed that poly-glutamic acid (PGA) effectively reduced MG uptake in the kidneys. Effective inhibition was demonstrated for a chain length of 5 glutamic acid residues or more, whereas a chain length of ,5 residues had no effect on renal uptake (9) .
Our aim was to further investigate whether renal accumulation of radiopeptides other than OCT or MG could also be inhibited by GF or PGA, respectively. Therefore, we assessed the influence of different compounds known to inhibit kidney uptake of radiopeptides (Lys, PGA, GF) on renal accumulation of analogs of somatostatin (OCT), gastrin (MG), glucagonlike peptide-1 (exendin [EX]), and bombesin (BOM).
MATERIALS AND METHODS

Radiolabeling
DTPA-D-Phe 1 -octreotide (DTPA is diethylenetriaminepentaacetic acid) (Octreoscan) was obtained from Tyco Health Care and labeled as described previously (7) . Briefly, ;40 MBq 111 InCl 3 were transferred to the reaction vial containing 10 mg OCT. After incubation at room temperature for 30 min, quality control was performed by C 18 reverse-phase high-pressure liquid chromatography (RP-HPLC), using 0.1% trifluoroacetic acid, pH 7.4, as mobile phase with a linear gradient rising to 70% acetonitrile over 30 min (flow rate, 1 mL/min; column, 4.6 mm · 25 cm; Hewlett Packard 1100 series automated HPLC system). Labeling of the DTPA-Glu 1 -minigastrin (MG; Sigma-Genosys) and DTPA-Lys 40 -Exendin 4 (EX; Peptide Specialty Laboratories GmbH) was done essentially as described (10) . In short, ;40 MBq 111 InCl 3 in 100 mL of 0.1 M (MG) or 0.05 M (EX) HCl were added to 100 mL of the peptide dissolved at a concentration of 50 mM in 0. 25 3 were added to the reaction vial containing 100 mg BOM dissolved in 0.25 M ammonium acetate, pH 5.0. After incubation at 80°C for 60 min, quality control was performed using C 18 RP-HPLC as described.
Inhibitors of Tubular Reabsorption
All chemicals were obtained from Sigma-Aldrich unless stated otherwise. Lys was used at a concentration of 160 mg/mL dissolved in phosphate-buffered saline (PBS). GF is a commercially available succinylated gelatin solution (40 g/L) (Braun). PGA (3-15 kDa) was used at a concentration of 80 mg/mL dissolved in PBS (9) .
Animal Studies
Male Wistar rats (age, 4-8 wk; weight, ;250 g; Harlan Netherlands) were used in the experiments; 4 animals were used per group. All experiments had been approved by the local animal welfare committee and were performed according to the Dutch laws on laboratory animal welfare.
For all experiments, 1 MBq of the respective 111 In-labeled compound were injected intravenously into the tail vein per animal (0.2 mL). Immediately before injection of the radiopeptide, 0.5 mL of the Lys/Arg/PGA (80 mg/mL) solution or GF (40 mg/mL) were injected. In addition to injection of single substances, a combination of PGA and GF or Lys and GF in the same doses as stated here was used together with MG, EX, or OCT, respectively. Animals were euthanized 24 h after injection and dissected. In addition to a blood sample, heart, liver, lung, kidney, spleen, pancreas, and stomach were dissected, blotted dry, and weighed. Activity in the organs was measured using a g-counter (Wallac), and the uptake was determined as the percentage of injected activity (%IA) per gram of organ weight. In each experiment, a control group was preinjected with 0.5 mL of PBS before injection of the respective radiopeptide.
Autoradiography
To determine the localization of the respective radiopeptides after uptake into the kidney, autoradiography of kidney slices was performed after injection of 250 MBq of the respective radiolabeled peptide (higher activity than in biodistribution studies to allow for shorter exposure times). Animals were euthanized and dissected 24 h after injection. The slices were cryofixed in TissueTek (Sacura Finetek) and snap-frozen in isopentane. Slices of 5 mm were cut with a cryostatic microtome. The sections were air dried and exposed to a storage phosphor imager screen overnight. The screen was scanned in a phosphor imaging system (Molecular Imager GS363; BioRad Laboratories) at a pixel size of 100 · 100 mm. Images were processed with Quantity One software (version 4.5.2; BioRad Laboratories).
Statistical Analysis
GraphPad Prism was used for statistical evaluation. Values are presented as the mean 6 SD. All data were analyzed by 2-way ANOVA, including Bonferroni testing if .2 groups were compared. Kidney uptake values after administration of inhibitors of kidney uptake were compared with the respective controls by a t test (Mann-Whitney). The significance level was set to P # 0.05.
RESULTS
Radiolabeling
All peptides were labeled at a specific activity of 4-8 GBq/mmol. Radiochemical purity as determined by HPLC was .95%. Unbound 111 In eluted from the column after 2-3 min, whereas retention time of the labeled peptides was 15-21 min, dependent on the respective peptide.
Kidney Uptake Inhibition
In all experiments, the uptake in tissues other than the kidney did not differ significantly between the control group and the groups that had received the potential inhibitors of the kidney accumulation of the respective radiopeptides (ANOVA). The influence of GF, PGA, Lys, and Arg on uptake of the different radiopeptides is summarized in Table 1 . In the following, the results are described in detail. The differences in kidney uptake are given in percentage of the %IA/g values. The differences in uptake in the control groups (PBS) are probably based on differences in hydration of the animals and other factors (such as body weight, amount of food intake, genetic variability, etc.), which are not always simple to standardize. Such differences may occur in any experimental study (as well as in clinical studies). However, the significant reduction in uptake of the radiopeptides caused by coadministration of inhibitory substances is reproducible, independently of the absolute uptake in %IA/g.
OCT
In comparison with the control group, GF was shown to reduce the kidney uptake by 40.7% (P , 0.01), whereas Lys caused a reduction of 35% (P , 0.01). The combination of GF and Lys reduced kidney uptake by 49.7% (P , 0.01) and was more effective in comparison with Lys alone (P , 0.01) and GF alone (P 5 0.01). The efficacy of uptake inhibition of GF and Lys did not differ significantly (P 5 0.13) (ANOVA for all groups, P , 0.01). PGA did not reduce kidney uptake significantly (P 5 0.14) (Figs. 1A and 1B) . The data for Lys and GF are consistent with the results reported in the literature (1, 3, 7) .
MG
Renal accumulation of MG was significantly reduced by 85.4% using PGA (P , 0.01) and by 45% using GF (P , 0.01), whereas Lys did not show a significant effect (P 5 0.57) ( (Fig. 2B) .
BOM
The kidney accumulation of BOM was very low in comparison with the other radiopeptides, with ,0.5% IA/g. PGA as well as GF significantly reduced kidney accumulation (by 23.8% [P 5 0.038] and by 15.4% [P 5 0.005], respectively), whereas Lys did not demonstrate a significant influence (P 5 0.51). The inhibitory effects of GF and PGA did not differ significantly (P 5 0.11) (Fig. 3) . Because of the low kidney uptake of BOM, a combination of PGA and GF was not tested for this peptide.
EX
Although Lys did not affect kidney uptake of EX (increase of 6.5%, P 5 0.8), GF and PGA lead to a decrease (18.7% [P , 0.01] and 29.4% [P , 0.01], respectively). The combination of PGA and GF decreased the uptake by 47.9% (P , 0.01) (Fig. 4) . In comparison with GF and PGA alone, the combination of both agents at the same concentrations did result in a statistically significant additional reduction of uptake (in comparison with GF alone, 227.6% [P , 0.01], and in comparison with PGA alone, 216.6% [P , 0.01]).
Autoradiography
Autoradiography of kidney sections showed localization of all radiopeptides in the cortex of the kidney (Figs. 5A-5D ). Distribution of activity shows the same pattern for all 4 radiopeptides.
DISCUSSION
It is well known that tubular reabsorption of peptides and antibody fragments can be inhibited by coadministration of cationic amino acids, such as Lys or Arg (11, 12) . For OCT as a radiolabeled peptide, this effect was demonstrated in the early 1990s (13) . It is assumed that uptake of OCT occurs in the proximal tubule cells in the kidneys. OCT accumulated in the proximal tubules and colocalized with megalin staining (2). In kidney-specific megalin knock-out mice, OCT uptake into the kidney is nearly absent. Therefore, megalin is thought to play a major role in renal accumulation of OCT (1,2) . The contribution of fluid-phase endocytosis to renal accumulation of OCT (14) needs to be further elucidated, although the data of Thelle et al. showing that Lys disturbs the endocytic system support the idea that it may play a role in addition to megalin (15) . Several studies demonstrated that megalin binds proteins rich in positively charged amino acids and cationic compounds (16, 17) . The hypothesis that Lys and Arg saturate those binding sites and, therefore, interfere with renal reabsorption of OCT is consistent with these findings (18, 19) . However, recently, gelatin-based plasma expanders inducing proteinuria (comparable with that observed in megalindeficient mice) have also been found to reduce renal uptake of OCT (7, 8, (20) (21) (22) . Though cationic amino acids contained in GF may be responsible for this finding (23) , it cannot be excluded that megalin is also able to bind other than cationic compounds via alternative binding mechanisms (7). GF is not the only noncationic compound demonstrating inhibitory effects on renal accumulation of radiopeptides. For MG, inhibition of renal accumulation by the anionic compound PGA of a chain length of . 4 Glu residues has been demonstrated (9) . However, in contrast to GF, it is unclear whether PGA may demonstrate significant side effects or even toxicity (in analogy to poly-Lys (3)), and its efficacy has not been proven in humans. GF may thus be a promising compound for inhibition of renal uptake of MG and other radiopeptides. The aim of our work was primarily to test whether renal accumulation of radiopeptides other than OCT could also be inhibited by GF and by the other known compounds that can reduce renal accumulation of radiopeptides. MG and EX could be considered for PRRT of neuroendocrine tumors as an alternative to OCT if somatostatin receptor expression is low or absent (24, 25) . However, their high renal uptake would prevent their use for PRRTwith 177 Lu or 90 Y because of the expected renal toxicity limiting the applicable activities. Therefore, effective inhibition of renal accumulation of these compounds is warranted.
Our results indicate that inhibition of the uptake of OCT is different from that of the other radiopeptides tested. Renal uptake of OCT could be reduced by GF as well as Lys, whereas PGA did not exert an inhibitory action. These results are in line with reports from the literature (7, 9) . It is interesting that PGA also reduced renal accumulation of EX and not only that of MG. However, MG uptake was more efficiently inhibited by PGA than uptake of EX. Furthermore, GF was able to reduce renal uptake of all peptides tested, whereas Lys reduced only OCT uptake. The latter findings are in accordance with the observation of Thelle et al. that Lys does not influence tubular reabsorption of rat urinary proteins 1 and 2 (15), thus indicating that not all proteins are taken up by the mechanism that can be inhibited by Lys.
The reduction of BOM uptake by PGA and GF was significant. However, BOM uptake is very low, indicating that the uptake mechanism is not very efficient or may not even be specific (thus, may be based on fluid-phase endocytosis alone). Lys, however, did not show any effect at all, although it has been demonstrated that Lys may disturb the entire endocytotic process (15) . Therefore, our findings that PGA and GF slightly reduce kidney uptake of BOM also point toward involvement of different uptake mechanisms. However, the low baseline uptake together with the variability of the kidney uptake need to be kept in mind.
Therefore, our results suggest that different binding mechanisms for reabsorption of peptides or proteins in the kidney may exist. Autoradiography demonstrated that all tested radiopeptides accumulate in the renal cortex, which points toward a (proximal) tubular mechanism for all (which has been characterized for OCT (2)). Four different clusters of anionic amino-acid repeats that serve as binding sites of megalin for cationic molecules are described in the literature (19) . Our results indicate that binding mechanisms for other molecules may also be present. These may interact with peptides with different properties (size, structure, charge, etc.) and not only with cationic peptides. If so, GF may at the same time block different binding mechanisms that are responsible for reabsorption of OCT as well the other radiopeptides, whereas PGA and Lys selectively block 1 binding mechanism only. The amount of kidney uptake of the peptides evaluated in our experiments showed a relationship with the number of charged groups of amino acids of the respective molecules. The order of kidney uptake was BOM (;0.35 %IA/g) , OCT (;1.5 %IA/g) , MG (;12 %IA/g) , EX (;20 %IA/g), whereas the number of charged amino acids (Glu, Lys, Asp, Arg) is 0 for BOM, 1 (1) for OCT, 7 (-) for MG, and 10 (41, 6-) for EX. One may therefore hypothesize that renal reabsorption of peptides may be determined by the number of charged groups of amino acids. Furthermore, MG has the highest number of negative charges (6 Glu, 1 Asp) and no positive charges and can most effectively be inhibited by PGA. Other factors such as the chain length and the distribution of charges may also play a role. GF seems to be able to inhibit renal uptake of both cationic and anionic peptides. If this hypothesis is right, this would indicate that GF contains positive and negative charges and is able to inhibit renal accumulation of anionic and cationic peptides.
Our findings suggest that some inhibitors act by 2 different mechanisms to block renal reabsorption (GF), whereas others are specific for just 1 mechanism (Lys and PGA). A similar behavior of ligands of the megalin/cubilin system has been described. Some ligands, such as lysozyme, cytochrome c, or prolactin, are specific for megalin; others show specificity for cubilin only (e.g., transferrin, clara cell secretory protein), whereas others have affinity for both cubilin and megalin (e.g., albumin, hemoglobin, myoglobin) (19) . Therefore, it is possible that renal reabsorption of radiopeptides also involves a second transport molecule apart from megalin. It remains unclear whether this may be cubilin and whether it may be responsible for binding of anionic peptides only. These questions need to be addressed in future experiments.
As a wide variety of peptides and proteins needs to be reabsorbed in the kidney to prevent loss of valuable amino acids, an effective physiologic mechanism is present to bind many different peptides or proteins that are filtered via the glomeruli (16) . On the basis of these results, we postulate that such a reabsorption mechanism for peptides may be based on charged amino acids. Further experiments are warranted to support this hypothesis.
CONCLUSION
Inhibition of renal accumulation of radiopeptides can decrease nephrotoxicity in PRRT, and this can be achieved by administration of cationic compounds such as Lys or Arg. Our data show that inhibition of renal accumulation of radiopeptides may be more complex and that a mechanism that can be inhibited by anionic molecules also exists. It is not clear, however, whether megalin is also involved in renal uptake of anionic molecules. GF was able to inhibit renal uptake of all tested radiopeptides in our experiments and may, therefore, interact with both mechanisms. It is not totally clear which and how many components of GF are responsible for this effect (7) . Therefore, further characterization of GF itself and of the mechanisms of renal accumulation of radiopeptides in general is needed to optimize inhibitors of renal accumulation of radiopeptides to achieve higher tumor doses in PRRT.
